The objective of this work is studying the use of chemicals to enhance primary treatment in municipal wastewater treatment plants, thereby reducing the cost of the secondary treatment stage. Jar tests using chemicals, polymers and sea water have been conducted to determine the best performing chemicals, alone and in combinations. The process performance parameters studied were pH, type and dosage of coagulant, mixing intensity, detention time, settling time and addition of coagulant aid. The efficiency of the process has been measured as percentage removals in COD, TSS, turbidity, settleable matter and removals of heavy metals. The results proved the improvement of removal efficiencies.
Introduction
Standards for disposal of wastewater, whether into a body of water or to land, vary from one country to another. In Egypt, Law 48 of 1982 necessitates secondary treatment of wastewater prior to disposal in water courses. This requires the achievement of relatively high levels of treatment. These treatment technologies are usually not affordable from the economical and financial point of view. Estimated investment requirements for the year 2000 exceed 10 billion L.E. (FINNDAD Report, 1991) . In addition, secondary treatment invariably uses biological treatment processes which require high operation and maintenance costs. There is a growing tendency now to use chemically enhanced processes, whereby chemicals are added to wastewater to enhance solids removal through coagulation. It is considered as an innovative physicochemical technology in some parts of the world with the objective of improving the efficiency of primary treatment processes and reducing the cost of the secondary treatment stage either by eliminating biological treatment, where conditions allow, or by reducing the capacity of secondary treatment units. Harleman and Morrissey (1990) stated that the chemicalassisted primary treatment process can obtain removal efficiencies close to biological treatment process.
Two applications are particularly relevant for implementing chemical-assisted primary treatment. These are situations where high levels of BOD removal are not required, but high microbial reductions are essential (such as in the cases of recycling and reuse of wastewater for unrestricted use in agriculture or aquaculture) and the disposal of effluent in coastal waters, where there are large surface areas providing reaeration. The oxygen balance of these receiving bodies is not normally a realistic environmental consideration, therefore high COD reductions are irrelevant. Well designed and operated advanced primary chemical coagulant and sedimentation plants can normally achieve 70-75 per cent reduction in BOD, while producing a clear effluent already of good microbial quality, which can be effectively and economically disinfected further to meet even the strictest environmental criteria.
In addition, CAPT has the added advantage of providing effective removal of phosphates and many heavy metals not normally removed at all by conventional biological treatment. Many types of chemicals have been studied including alum, FeCl 3 and polymers. The aim of this study is to provide a reliable and reasonably priced wastewater treatment technique to be used in Egyptian communities, thus cost/benefit is a very important step.
Chemically assisted primary treatment (CAPT) overview
The wastewater treatment objective is the reliable and efficient removal of ever increasing pollutant loads from municipal wastewater. Among the wastewater contaminants are solids, organic and/or inorganic components (dissolved or undissolved, volatile or nonvolatile), heavy metals, adsorable organic halogen compounds. These contaminants may be carcinogenic, toxic or mutagenic. They may be biodegradable, difficult to biodegrade or nonbiodegradable.
CAPT can be used when high levels of BOD removal is not required and high microbial reductions are essential. Thus the wastewater can be recycled and reused for unrestricted agricultural use or it can be disposed of in coastal water. Oedegaard (1989) has tried to demonstrate that a very significant part of the contaminants in wastewater is associated with particles, and that consequently a significant reduction in contaminants may be expected as a result of direct particle removal.
Since recorded history man has used natural material to clarify turbid water. Materials such as crushed almonds and alum were used. High suspended solids removal were achieved by the use of lime and iron salts as coagulants. However, the lack of stability, expenses and production of large quantities of sludge prompted the conversion to biological processes. Rudolf et al. (1992) presented an article describing the benefits of small concentrations (5-15 mg/l) of FeCl 3 in wastewater. It was observed that a small concentration of FeCl 3 could produce a marked increase in the settling velocity of particles.
Today chemical treatment is mostly used in tertiary treatment processes for the removal of nutrients and specifically phosphorus (Bowker and Stensel, 1990; Farooq and Ban, 1986; Kreisl and Westrick, 1972; USEPA, 1976; Weber, 1972) . Sedimentation is only effective for the removal of particles larger than about 50µm on a particle basis. Based on Stoke's law and a particle overflow rate on the range of 1-2m/hr, the minimum particle size that would be removed by sedimentation is in the range of 50-70µm, assuming an average density of particles of 1-2g/m 3 and a temperature of 15°C. However, a major part of the particles larger than 0. 1 µm may be separated by sedimentation subsequent to coagulation/flocculation (Levine et al., 1985) . Hydrolyzing metal salts, such as aluminum and ferric coagulants, are widely used as primary coagulants to promote the formation of aggregates. For optimal performance of subsequent solidliquid separation processes, it is imperative that aggregates of a certain size, strength and density be formed in the coagulation process (O'Melia, 1970 , Ramaley et al., 1985 .
Standards required by the Egyptian Government needs use of more effective processes such as coagulation rather than the existing treatment of municipal water.
Many authors Harleman et al., 1992; Morrissey and Harleman, 1984; Murcott and Harleman, 1994a; Pirnie and Malcolm, 1994) have covered the applications and experiences of chemical assisted primary treatment. Harleman et al. (1992) and Murcott (1993) emphasized that the CAPT technology is a cost effective technology and can be used to upgrade the existing facilities of conventional technologies.
Experimental work
To study the use of chemicals to enhance primary treatment in municipal wastewater plants, grab samples of the influent to the primary settlers for municipal wastewater treatment plant of Zenein district have been collected. Fresh samples were examined in the laboratory using a standard jar test apparatus (Phipps and Bird 400 series six-paddle stirrer). The analysis of samples before and after treatment has been done using the equipment shown in Table I .
Parameters studied controlling the process performance are as follows: optimal pH, type and dosage of coagulant, mixing intensity, detention time, settling time and use of coagulant aid or sea water.
Materials

Wastewater
Samples of influent to primary settlers (after grit removal) have been taken in the interval from September 1995 to May 1996 at 10.30 a.m. Samples were of different initial conditions. 
Experimental technique
Aliquots of freshly collected municipal wastewater were distributed among the six jars after thorough mixing. Coagulant dosage was then added in varying proportions (following the experimental plan) to give a total volume of one liter in each jar followed immediately by the initiation of flash mixing (150 rpm). After one minute, mixing was reduced to 30rpm and held at this level for 10 min. Finally a quiescent settling period of 20 minutes was allowed. At the end of the settling period, a sample of the supernatant was analyzed for the various parameters.
Results and discussions
Samples of wastewater before treatment were analyzed and their initial conditions are tabulated in Table II .
Effect of pH
The effect of pH on the efficiency of the process has been evaluated for each coagulant as percentage removal of COD, turbidity and TSS. The efficiency of the process is affected by the variation in pH. Each coagulant has an optimum pH at which a maximum removal is attained. The results are shown in Figure 1 . It is readily noted from the results that the optimal values of pH, as obtained from the results are 6, 4, 11.2 for alum, ferric chloride and lime respectively. Nearly similar trends were noted in removals of COD, turbidity and TSS. It is noteworthy to say that the lime dose was nearly equal to 1.5 times the total alkalinity of the wastewater, which was calculated as 385 mg/l. Since regulations for wastewater disposal in Egypt requires the pH to be in the range of 6-9, another set of experiments were carried out without pH adjustment which show the percent removals when alum and ferric chloride were used. Although slightly lower removals were obtained, pH was in the recommended levels (pH~7). Experiments with lime showed that the lime dose raised the pH to 11.2. 
Effect of coagulant type and dose
Effect of slow-mixing intensity
Studying the effect of slow mixing intensity reveals that the mixing intensity has an optimum value between 30-50rpm using the three coagulants.
Effect of time of slow mix
When the time of slow mix has been changed using the coagulants, it is observed that reasonable removals have been attained starting with 10 minutes of slow mix and there is no appreciable change in removals with change in time of slow mix.
Effect of settling time
When the effect of settling time has been studied using the three coagulants, it was observed that a settling time of 10-20 minutes was suitable and further increase in settling time did not yield any increase in per cent removals. They do not only improve removals but also decrease greatly the time of settling to be 20 min. rather than 2hr at least in the conventional primary treatment process. This means less capacity settling tanks or additional amounts of wastewater to be treated in the same capacity settlers.
Effect of coagulants aids
Magnafloc 155, Magnafloc 1011 and polyacrylamide have been used as coagulants aids with alum, (Figures 5 and 6 ). Magnafloc 155 and Magnafloc 1011 have also been tested with ferric chloride (Figure 7) . The results indicate that addition of aid improves the removals to a very slight extent, which does not exceed 2 per cent at most and using an aid generally does not improve the per cent removals of COD, turbidity or TSS. It was noted that the polymers used have promoted flocculation and formed large, strong floc with increased settling rate and lower settling time. Also the settleable matter measured were much lower when using an aid due to floc strengthening as well. 
Effect of using coagulant mixtures
Mixtures of coagulants were tested in different proportions in order to obtain better results with reference to chemical cost and to try to modify the pH of wastewater effluents. It was observed that mixtures with lime in general did not give better percentage removals than using lime alone. This is because even if the lime dosage was too small, the effect on increasing the pH was very great. At high pH levels, both alum and ferric chloride do not act effectively, as has been discussed in item 3.1.
Effect of sea water addition
Sea water was used as an inexpensive source of magnesium and calcium, to test if it would be effective, as well as economically viable, in the treatment of wastewater. It is clear that sea water alone has no significant effect on removals. Addition of sea water to lime improves the removals at a concentration of 2-4 per cent (volume percent). The best combination between lime and sea water, was 500 mg/l lime plus 4 per cent sea water which gave the highest removals. With alum, some improvement in removals has been observed with sea water concentrations of 2 per cent.
Effect of CAPT on the removal of heavy metals
Studying the effect of CAPT on the removal of heavy metals reveals that the use of CAPT could be effective in removing heavy metals if it were to exist. Samples of wastewater containing 0.5mg/l Ni has been treated with alum and a removal of 40 per cent of Ni has been achieved. With samples containing 0.6 mg/l Ni and 0.001mg/l Cd, removals of 17 per cent Ni and 100 per cent Cd have been reached using lime. Generally most of wastewater samples were free from heavy metals.
Effect of initial load composition
By comparing our results with those obtained by we can deduce that the composition of the initial load of wastewater has a measurable effect on percentage removals. For loads of 200 COD, Harleman reached removals of 56 per cent and 62 per cent using 60mg/l of alum and ferric chloride respectively. Our results have indicated higher removals for nearly the same loads. For initial load of 193mg/l COD, removal of 64 per cent using 60mg/l of alum and ferric chloride respectively has been achieved. Our results have indicated higher removals for nearly the same load. For an initial load of 193 mg/l COD, removal of 64 per cent was achieved using 60mg/l of alum. With loads of 228mg/l COD, removal of 73 per cent using 50mg/l ferric chloride has been attained. Also with loads of 385mg/l COD, Harleman reached removals of nearly 52 per cent and 57.5 per cent using 60mg/l alum and ferric chloride respectively. In this work, removals of 69 per cent using 60mg/l alum with initial loads of 394mg/l COD while removals of 79 per cent with loads of 346mg/l COD using 70mg/l ferric chloride have been reached. Also removals by conventional method (primary settling with zero coagulant dose) showed higher removals in our work.
From the previous results alum has been chosen to be the most suitable coagulant for treatment of wastewater in Egypt due to many factors; pH range, best removals obtained and no corrosion problems.
A simple model for predicting the appropriate dosage of alum has been obtained by plotting the initial load and optimum dosage on different coordinates. The optimum dosage has been chosen with respect to best COD removals. The best fit has been obtained on semi-log coordinates with the following relation: y = 41.621 e 0.018 x where y = initial COD in mg/l x = optimum dose in mg/l Also, trials to predict the percentage removals which could be achieved by alum and lime for any initial load have been proposed by the following equations: 
Conclusion
CAPT is a very efficient process as it improves the removals of COD, TSS and turbidity in primary treatment to reach above 90 per cent removals in TSS and turbidity, while almost 80 per cent removals in COD can be attained. CAPT greatly reduces the time of settling to be nearly 20 minutes rather than 2.5 hours in the conventional process, thus makes it possible to treat additional amounts of wastewater or to use smaller size primary tanks. There is an optimum dose for each coagulant corresponding to each initial load. Both turbidity and TSS limits after CAPT are lower than the recommended levels, but the absolute value of COD after treatment is still above the recommended levels owing to the existence of soluble compounds. It is better to use each coagulant alone owing to interference between coagulant mixtures which lead to undue adjustment in pH.
Alum has proved to be the most reliable. The addition of polymers improves the removals in TSS to reach about 100 per cent using 0.3mg/l polymer dose. Addition of polymers also increases the settling rate, reduces the settleable matters and improves heavy metals removals if it were to exist. Addition of sea water improves removals slightly with concentration of 2 per cent by volume.
